Abstract This paper examines the outstanding characteristics of the strong -2016 winter and its impact over the European region through the stratosphere. Despite being classified as a strong eastern Pacific (EP) EN event, our analysis reveals an anomalous behavior, with some signatures that are more typical of central Pacific (CP) EN events instead. They include (i) a record-breaking value of the CP index, (ii) a stronger polar vortex in early and midwinter, due to reduced upward wave activity and a weakened Aleutian low, and (iii) the occurrence of one of the earliest stratospheric final warmings (SFWs) on record, which are more prone to occur during CP-EN. Following the SFW, a stratospheric influence on the Euro-Atlantic sector is reported in spring, with persistent Greenland blocking resulting in extreme precipitation over some southern European regions. Results highlight the importance of considering early SFWs as mediators of El Niño teleconnections.
Introduction
The winter of 2015-2016 was characterized by one of the strongest El Niño (EN) events on record. Different from other strong episodes as those during 1982-1983 and 1997-1998 winters, the largest sea surface temperature anomalies (SSTAs) of EN 2015-2016 (EN15/16) were not confined to the east Pacific Ocean [Parker et al., 2015] but extended toward the central Pacific and west of the dateline [L'Heureux et al., 2016] . Thus, it showed SSTA signatures of both eastern Pacific (EP) and central Pacific (CP) EN events. The type of EN event is a key for polar stratospheric responses in the Northern Hemisphere (NH). While the NH polar vortex warms and weakens during EP-EN events [e.g., García-Herrera et al., 2006] , a robust colder polar stratosphere and stronger polar vortex occurs during CP-EN winters in the absence of stratospheric sudden warmings (SSWs) [Iza and Calvo, 2015] . This is opposite to the behavior found for EP-EN regardless of the occurrence of SSWs. In addition, the EP-EN related polar stratospheric anomalies propagate downward and impact surface climate in the North Atlantic European (NAE) region [Manzini et al., 2006; Bell et al., 2009; Cagnazzo and Manzini, 2009; Ineson and Scaife, 2009] . However, there are no evidences of a robust NAE response to CP-EN events [Garfinkel et al., 2013; Iza and Calvo, 2015, and references therein] .
Although previous studies have reported a modulating role of SSWs in the EN signal, less attention has been paid to other stratospheric phenomena perturbing the polar vortex, such as stratospheric final warmings (SFWs). They imply a permanent reversal of the stratospheric circulation, thus marking the end of the winter season in both hemispheres [Black et al., 2006] . Interestingly, EN15/16 was accompanied by the earliest SFW of the last decades, registered on 6 March, about a month earlier than the average onset date of SFWs (April). Regardless the occurrence of EN events, many authors have noted that tropospheric responses to early SFWs differ from those to late SFWs [e.g., Ren and Hu, 2014] . The effects are particularly observed over the NAE region [Black et al., 2006; Gimeno et al., 2007] and in relation to the storm track activity [Ayarzagüena and Serrano, 2009; Hardiman et al., 2011] . In this sense, anomalous precipitation over southern Europe occurred in the spring of 2016, following the SFW on 6 March, with departure values reaching about 150% of the totals over western Iberia.
The unusual characteristics of EN15/16, together with the occurrence of an extremely early SFW and the increased precipitation over southern Europe, motivate our study. Note that EN15/16 might have also influenced the stratospheric zonal winds in the tropics and thus the quasi-biennial oscillation (QBO), which showed an unprecedented transition to its easterly phase [Newman et al., 2016; Osprey et al., 2016] . Although a deeper analysis on this link is out of the scope of this paper, the unusual disruption of the QBO adds to the exceptional behavior of the EN15/16 winter. Our aim is to explore the stratospheric pathway of the anomalous EN15/16, its relation with the early SFW and the following surface impacts in the NAE region. (1965 -1966 , 1972 -1973 , 1976 -1977 , 1982 -1983 , 1991 -1992 , 1997 -1998 ) and 12 CP-EN winters (1968 -1969 , 1977 -1978 , 1979 -1980 , 1987 -1988 , 1990 -1991 , 1994 -1995 , 2002 -2003 , 2003 -2004 , 2004 -2005 . Note that EN15/16 is herein analyzed independently.
SSWs and SFWs are often characterized by a pronounced warming of the NH polar stratosphere and the breakdown of the polar vortex [e.g., Matsuno, 1971] . They have been identified as a reversal of the zonal mean zonal wind at 10 hPa and at any latitude between 55°N and 70°N during the extended NH winter season from November to March [Palmeiro et al., 2015] . The first day of easterlies is referred to as the onset date. The event is considered a SSW if the zonal mean zonal wind returns to westerlies for at least 10 consecutive days before 30 April, otherwise it is classified as a SFW [Charlton and Polvani, 2007] . We consider early SFWs as those occurring before 13 March, which is the 10th percentile of the SFW onset date distribution.
The Northern Annular Mode (NAM) index measures the strength of the polar vortex (jet stream) in the stratosphere (troposphere), and it is a powerful metric to characterize the stratosphere-troposphere coupling [e.g., Baldwin and Dunkerton, 2001] . It has been computed on a daily basis and at each pressure level as the standardized first principal component of the zonal mean geopotential height anomalies north of 20°N. To further characterize the anomalous tropospheric conditions of the EN15/16 winter over the NAE sector, we diagnosed the occurrence of atmospheric blocking episodes as large-scale, quasi-stationary systems with daily geopotential height anomalies at 500 hPa reversing the meridional gradient and persisting at least 5 days [Barriopedro et al., 2010] . Monthly liquid precipitation totals over land were derived from the Global Precipitation Climatology Centre database [Schneider et al., 2015a [Schneider et al., , 2015b at 1°× 1°spatial resolution. Figure 1 , top row) is a combination of both types of events. During most of the winter, large SSTAs were observed in the Eastern Pacific, and hence, the EN15/16 event is classified as EP-EN (N3 = 2.2 SD; N4 = 1.8 SD), being the third strongest on the 59 year record. However, warm anomalies also extended across the dateline throughout the winter reaching the central Pacific by January. In fact, the SSTAs in the CP region reached the largest value on record and exceeded by more than 0.3 SD the previous strongest N4 value.
Results
We next examine the NH stratospheric responses to EN15/16 considering the monthly evolution of the zonal mean temperature anomalies in a latitude-height cross section in comparison with the composite behavior of EP-EN and CP-EN events (Figure 2 ). EN15/16 displayed an anomalous stratospheric polar cooling from December to February with warming above, which reflects a strengthening of the polar vortex (not shown).
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Interestingly, this response resembles that of CP-EN events without SSWs (Figure 2 , middle row [see also Iza and Calvo, 2015] ) and it is the opposite of that associated with EP-EN winters until February (Figure 2 , bottom row).
The observed colder and stronger polar vortex was consistent with reduced upward wave activity in November and December 2015 (Figure 3 , bottom row) and an anomalously weak Aleutian low in November (Figure 3 , top row). This behavior is also the opposite of EP-EN events [Manzini et al., 2006] , and it is in good agreement with that observed during CP-EN winters without SSWs [Iza and Calvo, 2015, Figure 3d ]. Thus, despite being cataloged as an EP-EN, the extratropical tropospheric responses and the polar stratospheric signatures of EN15/16 resembled those of a CP-EN winter, confirming the complex behavior of this event.
The cold and strong polar vortex in midwinter was replaced by an anomalous warming and weaker polar vortex in March 2016 (Figure 2 ), which agrees with a deeper Aleutian low and intensified upward propagation of stationary wave number 1 in January and February (Figure 3 ). Note also that the late-winter warming of the polar stratosphere is also in better agreement with CP-EN than with EP-EN events (Figure 2 ).
Previous studies have shown that the occurrence of SSWs modulates the EP-EN and CP-EN signals in the stratosphere [Cagnazzo and Manzini, 2009; Ineson and Scaife, 2009; Iza and Calvo, 2015] . Hu et al. [2014a] already showed that early SFWs are more probable to occur in winters without SSWs. Further analyses on daily time scales (not shown) show an abrupt stratospheric warming at the time of the SFW onset, confirming that the monthly mean anomalies in March 2016 were largely due to the occurrence of the SFW. This implies that, in addition to SSWs, early SFWs can also have a fingerprint on the stratospheric signal of EN. Interestingly, four other early SFWs coincided with CP-EN events in the observational record, while only one occurred during EP-EN winters. Thus, the rate of occurrence of early SFWs is 0.33 during CP-EN (which is significantly higher than that expected from the climatology at p < 0.05 after a binomial test), compared to 0.17 during EP-EN (not significant at p < 0.10). This suggests that early SFWs are more prone to occur during CP-EN, partially explaining the late-winter warming associated with these EN events (Figure 2) . 
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While the overall evolution of the stratospheric anomalies in EN15/16 agrees well with that of CP-EN, the warming in March 2016 extended well into the troposphere (Figure 2 ), thus suggesting a stratospheretroposphere coupling response to the 2016 SFW. To further address it, we analyze the evolution of the polar vortex around the onset date of that SFW in Figure 4 (top), which shows the height-time cross section of the daily NAM index. After the 2016 SFW (day 0), there is a downward propagation of the negative NAM anomalies into the troposphere and the surface for several weeks. This stratosphere-troposphere coupling is similar to that reported for SSWs [Baldwin and Dunkerton, 2001] , and both are stronger than that for all SFWs from 1958 to 2015 (Figure 4, middle) . Previous studies have also reported a distinctive and stronger coupling of early SFWs [Ayarzagüena and Serrano, 2009; Ren and Hu, 2014] . To further stress the CP-EN-like stratospheric behavior of EN15/16, we have computed the composite of early SFWs during CP-EN events (Figure 4 , bottom). The results show that, when accompanied by early SFWs, CP-EN winters show significant negative NAM anomalies propagating into the troposphere and persisting there for several weeks but the same is not observed in CP-EN without early SFWs (not shown), which could explain the absence of robust significant tropospheric responses to CP-EN in previous studies where CP-EN events are considered altogether. Thus, Finally, the tropospheric responses to the negative NAM anomalies associated with the 2016 SFW are explored over the NAE region. Overall, negative NAM values are associated with an equatorward shift of the storm tracks [Thompson and Wallace, 1998 ] and subsequent changes in precipitation. Figure 5 (top left) shows the seasonal (March to May 2016) anomalies of Z500 (contours) including approximately the 90 day period after the SFW. The negative height anomalies over southwestern Europe indicate a high frequency of low-pressure systems at~50°N (southward from the typical latitude of the maximum storm-track activity). Accordingly, southern Europe and large areas of the Mediterranean experienced above-normal precipitation ( Figure 5 , shading), with seasonal mean departure values reaching~150% of the totals over western Iberia and the Balkans, locally exceeding the 95th percentile of the spring distribution. The large positive height anomalies over the Atlantic extend from the midlatitudes to Greenland and are reminiscent of blocking patterns, which divert the paths of extratropical low-pressure systems toward southern latitudes. In fact, the 2016 spring blocking activity was above normal over Greenland ( Figure 5 , right column), with an absolute blocking activity of~20%. This increased blocking activity mainly occurred in mid-March and April (not shown), in agreement with the strongest NAM tropospheric signal seen after the SFW (Figure 4) . The connection between polar stratospheric circulation anomalies and Greenland blocking has been previously documented [e.g., Barriopedro and Calvo, 2014, and references therein] . In particular, enhanced activity of Greenland blocking has been related to negative NAM phases [Davini et al., 2014] , a southward shift of the eddy-driven Atlantic jet stream [Woollings et al., 2010] , and above-normal precipitation over the Mediterranean region [Sousa et al., 2016] , as observed in 2016. The comparison of the tropospheric 
Summary and Conclusions
We explore the strong EN15/16 and provide evidence of its exceptional nature, both in terms of its magnitude and complex behavior, with characteristics of both EP-EN and CP-EN events. Our results indicate that, despite being cataloged as an EP-EN (N3 = 2.2 SD), EN15/16 showed several signatures that are characteristic of CP-EN events, leading to an unusual event on the observational record (last 59 years). This is supported by the following conclusions.
1. EN15/16 was the strongest CP-EN to date, with N4 = 1.8 SD, which exceeded by 0.3 SD the previous largest CP-EN of 2009-2010. The SSTAs over the equatorial Pacific crossed the dateline toward the west and were spatially more homogeneous than in typical EP-EN events. 2. In the NH polar stratosphere, EN15/16 evidenced CP-EN-like teleconnection signatures. A weakened Aleutian low in early winter and less upward propagation of planetary waves toward the stratosphere led to a midwinter polar cooling. This is similar to teleconnections reported for CP-EN winters without SSWs [Iza and Calvo, 2015] and opposite of those associated with EP-EN [e.g., García-Herrera et al., 2006] . 3. EN15/16 winter was characterized by a lack of SSWs, despite SSWs frequently occur during EP-EN winters [Butler and Polvani, 2011] . Instead, EN15/16 winter displayed an extremely early SFW on 6 March leading to a weakening of the polar vortex in March. Even though the behavior of early SFWs and SSWs might be similar [Hu et al., 2014b] , and thus EP-EN events could also favor early SFWs, our results do not support such relationship in the observational record. In contrast, we find a tendency for CP-EN winters to concur with extremely early SFWs. 4. Similar to CP-EN events with early SFWs, the 2016 SFW displayed a strong stratosphere-troposphere coupling and negative NAM values in the troposphere for several weeks. Accordingly, there were anomalous conditions over the NAE region during spring, which were timely with the downward propagation of the NAM signal. The occurrence of blocking activity over Greenland increased, the storm tracks shifted southward, and the above-normal precipitation occurred over southern Europe and the Mediterranean.
Our results have important implications for surface climate. As early SFWs can display strong stratospheretroposphere coupling signatures, they are expected to play a mediating role in the tropospheric impacts of Figure 5 (bottom row), stippling highlights seasonal precipitation (blocking frequency) departures that are significantly larger than (different from) those expected from the climatology at the 90% confidence level. Finally, our results bring the question of whether or not the complex behavior of EN15/16 was related to the intensity of the event. Other studies have also reported a different response to very strong EN events compared to moderate ones [Toniazzo and Scaife, 2006; Rao and Ren, 2016] . Given the short length of stratospheric observations, this topic could be better explored in long model simulations with a well-resolved stratosphere.
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